Electrically conductive polymer composites (ECPCs) are widely employed in different sectors of science and engineering. They are used for the production of conductive coatings, heat and radiation screens, current collectors, grounding electrodes, etc. [1] . Of particular interest is the use of ECPCs as heating devices, and this can now be considered their principal area of application [2] .
Traditionally, electrical conductivity in a polymer composite based on a polymer dielectric is achieved by introducing different conductive fi llers -metal powders, carbon black, graphite, coke, metal fi bres, and so on -and both thermosoftening and thermosetting plastics and elastomeric materials are used as the polymer matrix [3] . Depending on the type of polymer and fi ller, their ratio, the ECPC production conditions, and the additives used, the formation of stable conductive structures in the material occurs with different fi ller contents. Thus, typical carbon-containing ECPCs based on polyolefi ns and their derivatives begin to exhibit marked electrical conductivity when 35-60 wt.% carbon black has been introduced [4] .
However, when metal and carbon fi llers are used, the ECPCs obtained are characterised by instability of their electrophysical properties owing to the occurrence of different chemical and physicochemical processes on the surface of the fi ller [5] , and, when carbon fi llers are used in a content above 50-60%, there is also a marked deterioration in the strength characteristics of the material.
If thermosoftening materials are used as the polymer base, the service temperature of the ECPCs can be raised, and it becomes possible to produce materials with high conductivity that can be used, for example, as conductive adhesives [6] . Such materials are generally based on epoxy plastics, polyarylenes, and, recently, polyimides.
A large group of polyimides that can be processed by known epoxy plastics technology is made up of bismaleinimide binders (BMIBs).
Composite materials based on BMIBs are being used increasingly widely in the manufacture of critical structures intended for operation at high temperatures and under high loads and with exposure to different external factors (moisture, penetrating radiation, corrosive media, etc.). There is now a clear trend towards replacing epoxy plastics with more technologically effective maleinimide plastics. On the basis of BMIBs, articles of structural, electrical insulation, tribotechnical, and other designations are being produced, capable of prolonged service at 220-250°C in a dry atmosphere and at 150-180°C under conditions of equilibrium water absorption. Furthermore, these composites have good strength characteristics (tensile strength 180 MPa, compressive strength 42 MPa) and low electrical conductivity (volume resistivity 2.0 × 10 14 W m, surface resistivity 1.3 × 10 16 Ω m) [7] .
A feature of polybismaleinimide polymers produced as a result of three-dimensional polymerisation of BMIBs is the possibility of introducing large amounts of fi ller (up to 85 wt.%) with the formation of dense solid structures practically without pores [8] . This enables BMIBs to be used for the production of conductive composites. The development of conductive compositions based on BMIBs without any loss of other valuable properties of these materials is opening up new areas of application of these composites in the national economy.
Apart from the well-known carbon black, graphite, and metal powders, we propose that high-melting nonstoichiometric compounds of group IV-VI transition metals with boron, carbon, nitrogen, and oxygen, belonging to interstitial phases, be used as promising fi llers for ECPC production. Many of these compounds, apart from their infusibility (2800-3400 K), possess high mechanical strength and have high electrical conductivity, higher (owing to defectiveness) than that of stoichiometric compounds and comparable with that of the corresponding metals [9] . Therefore, it is urgent to produce conductive polymer composites based on bismaleinimide binders and non-stoichiometric compounds of group IV-VI transition metals.
The aim of the present work is to produce ECPCs based on BMIBs and non-stoichiometric titanium nitrides and to investigate their properties.
EXPERIMENTAL PROCEDURE
Composites based on bismaleinimide binder PAIS-104 with non-stoichiometric titanium nitrides TiN 0.5 and TiN 0.95 as the fi ller were produced and investigated.
A commercial specimen of PAIS-104 to TU 6-05-231-192-79 was used, comprising a powder oligomer with an average molecular weight of (1-4) × 10 3 , produced by the interaction in a melt of bismaleinimide diphenylmethane (BMIDM) and diaminodiphenylmethane (DADPM) in a molar ratio of 1:0.4, with a content of free amino groups of no more than 5%, a drop point of 103°C, and a gelation time of 180 s.
The titanium nitrides were produced by the interaction of powder titanium of grade PTOM with gaseous nitrogen in an autothermal continuous reactor (ACR) in a regime of self-propagating high-temperature synthesis (SPHTS) at a nitrogen pressure of 0.2-0.5 atm and a controlled gas fl owrate.
The composition of the non-stoichiometric nitrides was confi rmed by X-ray diffraction analysis (DRON-2 diffractometer, CoK α radiation) and by chemical analysis. To produce composites, use was made of a titanium nitride fraction d < 100 µm. The specifi c surface of the fi llers was determined from surfactant adsorption.
Composites were produced by the hot pressing of a mixture of fi ller and binder powders at a pressure of 20-30 MPa and a temperature of 200-220°C for 1 h and at 240-250°C for a further 1 h.
The density of the specimens was determined by hydrostatic weighing. Water absorption of the specimens was determined at 25°C and 100% humidity [10] . Thermal conductivity was determined on an ITM-2M instrument. Electrical conductivity was measured by the potentiometric method after metallisation of specimens of known shape.
RESULTS AND DISCUSSION
A feature of SPHTS processes is the dependence of the composition and properties of the materials produced on a combination of different factors -the initial temperature, the combustion rate, the fi neness of the materials, etc. -and therefore it is necessary to monitor the properties and characteristics of the materials produced on each occasion. Table 1 gives the principal physicochemical characteristics of fi llers produced by the SPHTS method.
The procedure indicated was used to determine the density of the obtained specimens of ECPCs and to investigate the dependence of density on fi ller content. The dependence of the density of the materials produced on their content of non-stoichiometric fi ller is given in Figure 1 .
As can be seen from the dependence presented in Figure 1 , there is a consistent increase in density of the ECPC specimens as their content of nitride increases from 24 vol.% to a heavily fi lled material containing 86 vol.% fi ller. However, when theoretical and experimental values are compared, it can be seen that there is a divergence between the true density of the ECPC and its theoretical additive value calculated on the assumption of solidity of the material by the known formula
where d f is the density of the fi ller, g/cm 3 (5.25 g/cm 3 for TiN 0.5 , and 5.40 g/cm 3 for TiN 0.95 ),
] is the volume fraction of fi ller in the ECPC, ω is the mass fraction of fi ller, and d p is the density of the cured polymer, g/cm 3 (1.72 g/cm 3 ). Such a divergence is observed in materials containing 40 vol.% fi ller and increases subsequently. It is interesting to note that the divergence between the values of the theoretical and experimental density of ECPMs is greater for nitride TiN 0.5 than for nitride TiN 0.95 . Such behaviour of the density of the materials produced can be attributed to the formation of a certain number of pores within the composite on account of the absorption of part of the binder by the fi ller material during the production of the composite and to a shortage of polymer in the heavily fi lled material. This assumption is quite explicable, since the fi llers used, owing to features of production in a SPHTS regime, are characterised by a high specifi c surface and a special surface morphology comprising a developed system of channels and pores formed as nitrogen penetrates deep into the titanium particles during synthesis of the nitride [11] . The absorption of some of the polymer by the fi ller surface in lightly fi lled material should only have a negligible effect on the porosity of the composite as a whole, but this process will cause the accumulation of mechanical stresses in the polymer matrix. In such a composite the proportion of the surface-modifi ed polymer matrix will include not only the near-surface layer of polymer of 5-50 nm thickness, surrounding the fi ller particles, but also the polymer absorbed by pores of the titanium nitride (region a). It is evident that pores in this region will be localised close to the fi ller particles and will be inaccessible to external factors. This region of the structure of the ECPC is limited to a volume fraction of non-stoichiometric fi ller of 24-43% (50-60 wt.%).
With further increase in the fi ller content, in accordance with the known model of the composite material, joining of the regions of surface-modifi ed polymer surrounding the fi ller will occur, which in the present case will cause a certain reduction in porosity (region b). In this region the pores surrounding the individual particles form a constant system with partial emergence on the surface. The concentration boundaries of this region correspond to a proportion of fi ller of 43-75 vol.% (70-90 wt.%).
And, fi nally, in heavily fi lled ECPCs, with a shortage of binder, a constant developed system of pores emerges at the surface (region c), and here the nature and arrangement of the pores differs considerably from the two previous regions. In this region the material is capable of maximum interaction with external factors on account of the pore system present within it. The lower boundary of this region corresponds to a volume content of non-stoichiometric fi ller of 75% (>90 wt.%).
One of the principal factors acting on the polymeric materials is moisture. It is known that adsorbed moisture has a strong effect on the composite material, changing the physicochemical, mechanical, and electrical properties of the latter [12, 13] . 
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We investigated the composition dependences of the water absorption of the ECPCs obtained and compared them with the proposed model. Let us compare this dependence with the model proposed earlier. It can be seen that in lightly fi lled specimens (region a of the model), up to a content of 43 vol.% fi ller, water absorption depends weakly on its content, but it is slightly higher than the known magnitude (2.2%) for pure BMIB [7] . This quantity for TiN 0.5 and TiN 0.95 is different and amounts to 2.5 and 2.4% respectively, which once again confi rms the effect of non-stoichiometry of the fi ller -titanium nitride -on the characteristics of the ECPC.
Subsequently, water absorption begins to increase, which may be connected with transition of the structure of the ECPC into region b. It appears that a composition with 56 vol.% fi ller corresponds to this region, since the water absorption for it, although higher than the initial value, changes little.
Later, for composites containing 74 vol.% titanium nitrides or more, there is a sharp increase in water absorption up to 3.5%, which is connected with the transition of the structure of the ECPC into region c.
It is plain that the effect of an external factor such as moisture is minimal for ECPCs containing 24-33 vol.% titanium nitride, and therefore materials containing 50-60 wt.% of the fi ller investigated must be recognised as being most acceptable in terms of service properies.
The procedures indicated above were used to determine the electrical and thermal conductivities of the materials obtained. The dependence of the volume resistivity of the ECPCs on the volume fraction of fi ller is given in Figure 4 .
The dependence of the electrical conductivity of ECPCs on the volume fraction of fi ller is S-shaped [3] .
As follows from Figure 4 , with increase in the content of non-stoichiometric fi ller, there is a consistent reduction in the resistivity of the ECPCs. In the region of a low content of conductive fi llers, the materials produced are characterised by a resistivity value greater than unity. On transition of the ECPC structure into region b, the resistivity of the material falls sharply. The second sudden jump in resistivity occurs on transition of the boundary of a fi ller content of 75 vol.%, and the structure of the material corresponds to region c of the proposed model.
As noted earlier, the formation of ordered structures of the fi ller in polymer matrices may be observed with a content of 5-10 vol.% [14] . This process is particularly likely in the case of the investigated fi llers with a developed specifi c surface and a large reserve of surface energy owing to their non-stoichiometric nature. Therefore, by the time a content of non-stoichiometric fi ller of 24 vol.% is reached (region a), stable conductive structures of fi ller particles surrounded by a fi lm of surface-modifi ed polymer are formed ( Figure 5 ).
In view of the electronic nature of conductivity in titanium nitride and structural features of the material, the conductivity of lightly fi lled ECPCs is made up of two components: the intrinsic conductivity of the fi ller and the conductivity of the thin surface fi lm of polymer, charge transfer through which appears to occur by tunnelling. Within the framework of the proposed model, the values of resistivity of the material should not differ greatly in regions a and b. However, as shown by experiment, on transition from region to region there is a sharp fall in resistivity, which indicates the formation of conductive structures of a different type than in region a. We believe that in the given case there appears polydispersion of powders of the fi llers used, which, along with the fi ne fractions, contain agglomerates that are several times larger, and their proportion is signifi cant (Figure 6 ). In this region the morphology of the conductive structures must be regarded as consisting of two parts. On the one hand these are structures characteristic of region a, and on the other hand structures arise that are formed by direct contacts between the fi ller particles of larger size. The appearance of structures of the second type in the material causes a sharp fall in resistivity.
With increase in the volume fraction of fi ller above 75%, subsequent development of structures of the second type occurs, their proportion predominates over the structures with a fi ne interlayer of polymer, and a second jump in resistivity is observed (region c
The existence of ordered structures of fi ller in the entire investigated region of contents of non-stoichiometric titanium nitrides in the materials is also confi rmed by consistent change in the thermal conductivity of the ECPCs obtained (Figure 7) .
For the ECPCs obtained, an investigation was made of the temperature dependences of electrical conductivity in the range 25-100°C. Figure 8 gives the temperature dependences of the electrical conductivity of ECPCs with titanium nitride TiN 0.5 in Arrhenius coordinates.
Two heating-cooling cycles of specimens were carried out, with the simultaneous taking of the temperature dependence of electrical conductivity in each cycle to eliminate effects of thermal relaxation of residual stresses in the composite material (β-relaxation).
As can be seen from Figure 8 , the dependence of electrical conductivity of the obtained ECPCs based on titanium nitrides belongs to the metallic type. The temperature dependences of electrical conductivity for the ECPCs in the fi rst and second cycles do not differ. The results obtained indicate that the process that causes a sharp change in electrical conductivity is reversible.
Materials containing 50-70 wt.% filler are characterised by a non-linear temperature dependence of electrical conductivity in the region investigated. In the temperature range 75-85°C there is a sharp change in electrical conductivity in the ECPCs, which is observed also in the repeated heating-cooling cycles. These materials are characterised by a high positive temperature coeffi cient of resistivity. Thus, in ECPC specimens based on PAIS-104 and containing 50-70 wt.% non-stoichiometric titanium nitrides, the effect of self-regulation is observed [4] . This may be attributed to the fact that, in the heatingcooling cycle of specimens corresponding to region a of the proposed model, reversible thermal relaxation occurs in interlayers of the surface-modifi ed polymer with rearrangement of the conductive structures.
For heavily fi lled specimens characterised by a shortage of polymer, in the formation of ECPCs the thermal changes in the polymer are scattered over the entire structure of the material and the temperature dependences of electrical conductivity are monotonic (Figure 8) .
A certain role in this process may be played by the polydispersion of the powders of the fi llers used [15] .
The obtained dependences were used to determine the values of the activation energy of electrical conductivity of the materials produced, which amounted to 0.7-12.2 kJ/mol for ECPCs based on TiN 0.5 and to 1.5-20.0 kJ/mol for ECPCs based on TiN 0.95 , depending on the fi ller content, and here the lower energy corresponds to the higher fi ller content, while lightly fi lled ECPCs are characterised by an activation energy of electrical conductivity that is similar to that of semiconductors.
The general characteristics of the ECPCs obtained are given in Table 2 .
On the basis of the investigations carried out, a conductive composite has been developed whose composition is protected by a Russian patent [16] . The dependences of the density, porosity, and water absorption of the obtained materials on the volume fraction of fi ller have been found, on the basis of an analysis of which a model has been proposed of the change in structure of the conductive material.
The concentration dependence of the resistivity of the materials obtained has the typical S-shape, with a limiting value emerging at a high fi ller content. As the fi ller content increases, there is a gradual change in the type of principal conductive structure.
In a study of the temperature dependence of electrical conductivity of the materials obtained, the effect of selfregulation has been found for ECPC specimens containing 50-70 wt.% non-stoichiometric fi ller. The electrical conductivity of the materials changes according to the metallic type. The activation energies of the process, which amounted to 0.7-20.0 kJ/mol, depending on the composition of the material and the non-stoichiometry of the fi ller, have been determined.
